Although the number of clinical applications for fluorine-18 fluorodeoxyglucose ( 18 F-FDG) cardiac positron emission tomography (PET) has continued to grow, there remains a lack of consensus regarding the ideal method of suppressing normal myocardial glucose utilization for image optimization. This review describes various patient preparation protocols that have been used as well as the success rates achieved in different studies. Collectively, the available literature supports using a high-fat, no-carbohydrate diet for at least two meals with a fast of 4-12 hours prior to 18 F-FDG PET imaging and suggests that isolated fasting for less than 12 hours and supplementation with food or drink just prior to imaging should be avoided. Each institution should adopt a protocol and continuously monitor its effectiveness with a goal to achieve adequate myocardial suppression in greater than 80% of patients.
INTRODUCTION
Cardiac positron emission tomography (PET) using fluorine-18 fluorodeoxyglucose ( 18 F-FDG) has demonstrated utility in the identification and treatment of disease processes that involve pathologic inflammation within the heart. 1 Current applications include imaging intra-cardiac device and prosthetic valve infections, 2, 3 evaluating patients with known or suspected cardiac sarcoidosis or other inflammatory cardiomyopathies, [4] [5] [6] and an emerging potential role in identification of vulnerable coronary artery plaques. 7, 8 A challenge faced by this imaging technique is optimizing its ability to distinguish focal areas of pathological 18 F-FDG uptake from normal physiologic myocardial uptake.
A number of preparations have been described to suppress 18 F-FDG uptake by the myocardium, but there is no consensus on the optimal method and limited data comparing different approaches. Comparison is further limited by the significant variability in protocols used in different studies and by different institutions. This article seeks to review and compare the effectiveness of different preparations and to provide some practical recommendations about methods of suppressing physiologic myocardial glucose uptake for PET imaging based on existing data.
MYOCARDIAL METABOLISM
Because normal myocardium has a variable avidity for glucose, and hence 18 F-FDG, preparation to promote free fatty acid metabolism and suppress physiologic glucose metabolism is necessary for successful PET 18 F-FDG imaging of pathologic processes in the heart. Dietary carbohydrate intake normally triggers insulin secretion, which activates the predominantly expressed glucose transporter GLUT4 in normal myocardium and allows glucose to enter cells. In the absence of carbohydrates and insulin, the myocardium uses free fatty acids for energy. 9 However, in inflammatory cells, glucose enters the cell via GLUT1 and GLUT3 (which are constitutively expressed). 10 After entering a cell via a glucose transporter, 18 F-FDG is trapped by phosphorylation, allowing for metabolic imaging. 11 As such, active inflammation or granulomatous disease may be identified by 18 F-FDG in an atmosphere that optimally suppresses physiological myocardial uptake of 18 F-FDG, as illustrated in Figure 1 . 12, 13 In contrast, when using 18 F-FDG imaging to assess myocardial viability, a high insulin state is preferred to promote glucose utilization by hibernating myocardium. 14 In such cases, 18 F-FDG imaging takes advantage of the upregulation of glucose transporters in ischemic and hibernating myocardium. 15 
REVIEW METHODS
A comprehensive literature review was performed to identify studies describing preparation to reduce physiological myocardial glucose utilization for cardiac 18 F-FDG PET imaging. Studies completed prior to December 2015 with at least nine patients undergoing each method of dietary preparation and a description of the quality of myocardial 18 F-FDG uptake suppression were included in this review. Studies that included patients with suspected cardiac sarcoidosis that did not report the prevalence of sarcoidosis or included a majority ([50%) of patients with known sarcoidosis were excluded to minimize the potential bias of categorizing non-specific 18 F-FDG uptake as pathologic. This may occur because there is an increased index of suspicion for active disease in populations that have a higher prevalence of known sarcoidosis. For example, focal-on-diffuse 18 F-FDG uptake could be interpreted as positive for inflammation or inadequate suppression in varying clinical situations.
For the purposes of this article, adequate suppression was defined as myocardial uptake that was equal to or less than that seen in the liver in the studies that reported this information or as otherwise defined by each individual study. Only studies that included an assessment of the suppression of physiological glucose utilization by the entire myocardium were included. Figure 2 demonstrates example images of complete, moderate, and poor suppression of physiological myocardial 18 F-FDG uptake. Figure 3 shows the results of two separate cardiac 18 F-FDG PET scans for the same patient with suspected cardiac sarcoidosis. The first image shows diffuse myocardial uptake of 18 F-FDG suggesting poor suppression of physiological glucose utilization, likely due to non-compliance with the prescribed dietary preparation. The second shows excellent suppression of physiological glucose utilization, likely indicating excellent compliance with dietary preparation.
Ultimately, fifteen studies met the stated criteria for inclusion in this review. For each of these studies, data pertaining to the preparation strategies utilized, total number of patients, and number of patients with adequate physiologic suppression were collected. Where available, the serum blood glucose values, free fatty acid levels, and insulin levels were extracted (Table 1) . Analyses comparing the effectiveness of various preparations were similarly reviewed.
A meta-analysis evaluating the effectiveness of myocardial suppression was not pursued due to the significant heterogeneity in methods of preparation reported. Additionally, a meta-analysis was recently performed to examine the association of various patient preparation techniques with the diagnostic accuracy of 18 F-FDG PET for cardiac sarcoidosis, as detailed below. 16 
METHODS OF SUPPRESSING PHYSIOLOGICAL MYOCARDIAL 18 F-FDG UPTAKE
Several methods of patient preparation have been described and evaluated in the literature ( Table 2) .
Many of these preparations have been developed on the basis of institutional experiences and preferences and the ability to reliably convey and implement these protocols for a given patient population.
Behavioral Approaches
Vigorous exercise and the resulting catecholaminergic stimulation increase myocardial glucose uptake by augmenting transporter recruitment and glucose utilization via oxidation. 9 As a result, almost all strategies urge patients to avoid strenuous exercise for 12-24 hours prior to their exam.
Dietary Approaches
One well-studied strategy is to utilize a high-fat and low-or no-carbohydrate (HFLC or HFNC) diet in Figure 2 . Cardiac 18 F-FDG PET imaging demonstrating variable suppression in three patients without cardiac disease: A excellent myocardial suppression with blood pool activity that exceeds that of the myocardium, B moderate myocardial suppression with diffuse low-level myocardial 18 F-FDG uptake and non-specific focally increased uptake in the papillary muscles and lateral wall, and C poor myocardial suppression with diffuse 18 F-FDG uptake throughout the heart. F-FDG PET imaging. In these studies, patients are instructed to eat at least one fatty meal prior to the exam with minimal or no carbohydrates with a subsequent fast prior to 18 F-FDG administration. In addition to suppressing insulin release, this strategy also aims to increase serum fatty acids for myocardial utilization. 4, 7, 8, [17] [18] [19] 22 Prescribed high-fat diets were reported to contain 20-35 g of fat. 18, 19 The effect of adding a high-fat drink to this diet just prior to giving 18 F-FDG in an attempt to further augment serum fatty acid levels has also been evaluated. 7, 8, 19, 20 One study examined the role of using a low-carbohydrate diet for one full day with comparison to an unrestricted diet. 21 Alternatively, other studies have described the use of fasting as a means of shifting cardiac metabolism toward free fatty acids and away from glucose prior to 18 F-FDG administration. [4] [5] [6] [7] [17] [18] [19] [20] [22] [23] [24] [25] [26] This strategy also reduces insulin release and promotes systemic lipolysis, both of which suppress myocardial glucose utilization. The optimal duration of fasting is unknown, and a range (e.g., 4-18 hours) of durations has been assessed.
Pharmacologic Approaches
Pharmacologic strategies have also been employed with the aim of manipulating myocardial metabolism. Intravenous heparin administration, which promotes lipolysis and the availability of free fatty acids, 27 has been described as a means of augmenting a dietary preparation. 5, 6, 24 Intracellular calcium is known to increase glucose uptake, and calcium channel blockade has reduced myocardial 18 F-FDG uptake in a mouse model. 28 As such, one study has explored the use of calcium channel blockade with verapamil as a means of improving myocardial suppression. 7 Most studies have combined two or more of these strategies to achieve optimal myocardial suppression. These strategies have included a prescribed meal prior to a prolonged fast or the addition of a pharmacologic adjunct to a dietary preparation or prolonged fast and are detailed below.
PRIOR META-ANALYSIS OF PREPARATION FOR 18 F-FDG PET FOR CARDIAC SARCOIDOSIS
A recent meta-analysis of 16 studies and 559 patients referred for cardiac 18 F-FDG PET for suspected or known cardiac sarcoidosis by Tang et al. sought to examine how different patient preparations may impact the sensitivity and specificity of 18 F-FDG PET for the diagnosis of cardiac sarcoidosis. It was concluded that fasting duration and heparin administration significantly affected the diagnostic odds ratio (P = .01 and .04, respectively), but a HFLC diet did not have a significant effect (P = .17). 16 This study and its findings are limited by the fact that there is no reliable reference standard on which to base these diagnostic accuracy parameters for cardiac sarcoidosis. Tang et al. used the Japanese Ministry of Health and Welfare Criteria in their analysis; 29, 30 however, many prior studies have shown that imaging is more sensitive and specific than these clinical criteria. 4, 30, 31 Furthermore, because most studies were small and preparation strategies were heterogeneous, there was insufficient power to determine if one specific technique results in superior diagnostic accuracy. Finally, the analysis only included studies that contained patients with known or suspected cardiac sarcoidosis rather than a broader patient population.
EFFICACY OF SUPPRESSION OF PHYSIOLOGICAL MYOCARDIAL 18 F-FDG UPTAKE
Although there was a great deal of variability in the specific protocols used for dietary preparation, there was a substantial overlap in the general methods employed by these studies. Several studies reported the efficacy of a specific protocol used at an individual institution, while others systematically compared the effectiveness of different strategies. The results of these preparations are listed in Table 3 , and each study is described individually in Tables 4 and 5 .
Three randomized studies have been performed. Cheng et al. compared preparation in groups of 21 patients with an unrestricted diet, a HFLC meal and subsequent fast of approximately 12 hours, and a HFLC meal with a high-fat drink 1 hour prior to the exam with findings of significantly improved suppression with a HFLC diet and fast over the other strategies (57% vs 81% vs 62% success). 19 Demeure et al. compared the effectiveness of four different approaches: a HFLC meal followed by a 12 hour fast, HFLC meal followed by a high-fat drink or olive oil 1 hour prior to imaging, and a HFLC meal followed by 12 hour fast and oral verapamil. Their study included groups of nine patients. It found improved suppression in the HFLC meal followed by 12 hour fast group over the HFLC meal together with a drink or olive oil group (89% vs 50%) and similar suppression with the addition of verapamil to the HFLC and 12 hour fast preparation (89% vs 89%). They concluded that a HFLC diet with 12 hour fast with or without verapamil had a trend toward better suppression, but there was no significant difference. 7 Another article evaluated a HFLC diet for 2 days and subsequent 12-14 hour fast with a 12-14 hour fast alone in groups of 51 patients and found that HFLC improved the rate of suppression (76% vs 55%). 22 In addition, there have been a number of nonrandomized studies. In one study, 60 patients underwent preparation with two HFLC meals and a 4 hour fast, and • Minimize serum glucose/insulin release • Increase serum free fatty acids (FFA) High-fat, low-carbohydrate (HFLC) diet 7, 8, 17, 19, 22 • Reduce serum glucose/insulin release • Increase serum FFA Low-carbohydrate diet 6, [19] [20] [21] [23] [24] [25] • Reduce serum glucose/insulin release Short-to long-term fasting [4] [5] [6] [7] [17] [18] [19] [20] [22] [23] [24] [25] [26] • Reduce serum glucose availability/insulin release • Induce lipolysis Co-administration of high-fat beverage prior to exam 7, 8, 19, 20 • Increase availability of FFA Co-administration of verapamil 7 • Pharmacologically reduce intracellular calcium in myocytes Co-administration of heparin 5, 6, 24 • Increase FFA through pharmacologic lipolysis 50 patients were prepared with a greater than 12 hour fast with significantly improved suppression in the HFLC group (90% vs 54% success). 17 Manabe et al. assessed a brief fast of more than 6 hours followed by intravenous heparin prior to imaging in comparison to a LC meal with an 18 hour fast and heparin administration and found improved efficacy in the latter (72% vs 100%). 6 Kobayashi et al. demonstrated that a LC diet bolstered by a high-fat drink led to complete suppression in 71% of patients as compared to 29% of patients prepared with a greater than 6 hour fast alone. In this study, patients prepared with a diet who had focal uptake were frequently noted to have uptake in the papillary muscles. 20 A 24 hour dietary preparation with a fatallowed, low-carbohydrate diet was shown to be superior to unrestricted preparation with 68% vs 15% suppression. 21 Likewise, a 24 hour dietary preparation with \3 g of carbohydrates and [8 hour fast (98%) led to improved myocardial suppression over a fast alone (67%) in oncologic patients. 23 A long-term fast of approximately 18 hours was compared to a 12 hour fast with adjunctive heparin administration in subgroups of 18 and 19 healthy patients, respectively, with a higher rate of suppression in the group with a longer duration of fasting (67% vs 12%). Common patterns of non-specific 18 F-FDG uptake involved the basal ring and lateral wall. 5 A recent study reviewed 150 cardiac 18 F-FDG PET images at a single institution with three groups of 50 patients prepared with either a 6 hour fast, a low carbohydrate diet with a 12 hour fast, or a low carbohydrate diet followed by a 12 hour fast and heparin bolus had successful suppression in 28%, 54%, and 88% of those in the respective groups. Significantly improved suppression was noted in the final group as compared to fasting alone. In this study, normal variants included uptake in the basal myocardial ring and lateral wall. 24 The addition of a carbohydrate restricted meal prior to a 12 hour fast outperformed a 12 hour fast by itself with suppression in 74% and 29% of oncology patients, respectively. 25 In a study by Lee et al., a short-term fast of approximately 6 hours in 36 patients was compared with a longer fast of above 12 hours in 66 patients with findings of adequate suppression in 14 (39%) and 30 (45%) of the subjects. 26 A final group of studies exploring applications of cardiac 18 F-FDG PET imaging reported suppression rates with a standardized protocol used throughout the study. Blankstein et al. employed a preparation consisting of HFNC dinner and breakfast followed by a fast of at least 4 hours in a population of 118 patients undergoing evaluation for sarcoidosis with successful suppression in 103 patients (87%). 4 In a study utilizing cardiac 18 F-FDG PET imaging to detect metabolically active coronary plaques, a protocol of a HFLC meal followed by a high-fat drink was effective in 20 of 32 patients (63%). 8 In another publication, 30 control patients were prepared with a HFLC diet for two meals with a 4 hour fast preceding their imaging with adequate suppression seen in 28 patients (93%), though focal papillary muscle uptake was noted in five of the subjects with adequate suppression. In this study, patients with suspected cardiac sarcoidosis were assessed separately; however, the frequency of adequate suppression was not reported, and their results were not included. 18 
DISCUSSION
While there has been a high degree of variation in the protocols described in these studies, there are general trends that support certain principles for effective preparation for myocardial suppression to optimize cardiac 18 F-FDG PET imaging. Current SNMMI/ ASNC/SCCT guidelines recommend preparation with a diet rich in fat and devoid of carbohydrates for 12-24 hours prior to the scan, a 12-18 hour fast, and/or the use of intravenous heparin approximately 15 min prior to 18 F-FDG injection. 32 The reviewed data suggest that a HFNC diet should be implemented for one or two meals with a subsequent fast of at least 4 hours, although an even longer fast may be preferred for optimal suppression of myocardial glucose uptake. With this strategy, successful suppression has been demonstrated in up to 85-90% of patient populations in most studies, 4, 17, 18 although other studies have reported lower rates of adequacy using this strategy. 22 Another effective strategy appears to be a no or low carbohydrate meal, followed by a fast and heparin administration just prior to 18 F-FDG administration. Two studies have demonstrated adequate suppression with this strategy in 88-100% of patients. 6, 24 Several strategies have demonstrated limited benefit for imaging preparation. For instance, it does not appear that verapamil administration provides added benefit. 7 Short-term fasting without any dietary preparation appears to provide the lowest rate of suppression, especially with durations of 6 hours or less. 20, 22, 24, 26 Multiple studies have revealed no benefit or diminishing success with the addition of a high-fat drink within an hour prior to the scan. 7, 8, 19, 20 These findings support the notion that fat loading immediately prior to imaging could be disadvantageous and may paradoxically cause increased 18 F-FDG uptake by increasing myocardial oxygen consumption and glucose metabolism. 33 An ideal preparation strategy for cardiac 18 F-FDG PET imaging would facilitate complete suppression of physiologic 18 F-FDG uptake by normal myocardium. Nevertheless, the included studies did not always report complete suppression. In fact, multiple studies 96 Osborne et al Journal of Nuclear CardiologyÒ Patient preparation for cardiac determined adequacy of suppression by semi-quantitative grading comparing cardiac to hepatic uptake or by quantifying the intensity of myocardial uptake in relation to a threshold value. In the current review, each individual study had a unique definition for adequacy, which rarely required complete suppression of 18 F-FDG uptake (i.e., the optimal definition of adequate). The definitions of adequacy for each study are shown in Tables 4 and 5 .
The Japanese Ministry of Health and Welfare (JMHW) has established clinical criteria for the diagnosis of cardiac sarcoidosis and is relied upon as the standard for diagnosis of the disease; 29, 30 however, as previously mentioned, the validity and predictive value of these criteria have been called into question by several articles. 4, 30, 31 Given that there is not a true diagnostic gold standard for cardiac sarcoidosis, this article did not seek to determine the diagnostic accuracy of cardiac 18 F-FDG PET imaging for cardiac sarcoidosis. Additionally, given the significant variation of patient populations and preparations in the reviewed studies, it was felt that it was not possible to meaningfully pool the studies to provide any summary statistics.
RECOMMENDATIONS
Based on the reviewed literature, we advocate for the use of at least two HFNC meals followed by a fast of at least four hours as the most effective preparation for cardiac 18 F-FDG PET imaging of inflammation. Intravenous heparin, when administered just prior to imaging following at least one HFLC meal and overnight fast, appears to be part of a regimen that is as efficacious as two HFNC meals with a fast but requires exposure to an intravenous medication with possible adverse reactions. We do not recommend preparation plans that utilize fasting alone; however, when such an option has to be employed, i.e., a patient who cannot eat or has dietary restrictions precluding the recommend diet, fasting for at least 18 hours is suggested. We also do not advocate the use of calcium channel blockers or unrestricted diets. Likewise, patients should be instructed to avoid eating or drinking anything within at least 4 hours of their test, and a high-fat supplement given during this interval immediately prior to the exam does not appear to have additive benefit. Exercise should be avoided for 24 hours prior to the exam. These recommendations are summarized in Table 6 .
Special caution should be taken in inpatient studies. It is critical to avoid the use of intravenous medications that contain dextrose within 12 hours of imaging. Likewise, there must be communication between nurses, physicians, nutritionists, kitchen staff, and the patient to avoid inadvertent errors in preparation. Specific dietary instructions are included in Table 7 .
Recognizing that currently available data do not point to a single preparation technique as markedly superior to all others and that individual patients have variable metabolic profiles, we believe it is prudent for different centers to optimize unique protocols that adhere to the above principles. We recommend that every center continuously review the quality of achieved background suppression for all cardiac 18 F-FDG PET studies. In general, by following the above principles, adequate suppression, defined as complete suppression of myocardial physiologic glucose uptake or suppression sufficient for diagnostic evaluation, should be achieved in greater than 80% of studies. Additional high-quality and adequately powered studies comparing different 18 strategies of physiologic myocardial suppression are needed. Nevertheless, the challenges relating to incomplete suppression of physiological myocardial glucose utilization in a small proportion of studies are likely to persist; therefore, the development of alternative targeted inflammation imaging radiotracers would be useful.
NEW KNOWLEDGE GAINED
This paper provides a unique review of the available literature regarding preparation for cardiac 18 F-FDG PET imaging. The data support the use of high-fat, lowcarbohydrate diet for at least two meals with a fast of at least 4 hours for optimal suppression of physiologic myocardial glucose utilization. Because there is no single superior patient preparation technique, each institution should continuously evaluate their image quality data to ensure that greater than 80% of the scans achieve adequate suppression of 18 F-FDG.
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